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We have investigated the electron spin resonance (ESR) of the Ni45 Cr5 Mn37 In13
Heusler alloy near the structural and magnetic phase transition temperatures.
Ni45 Cr5 Mn37 In13 is characterized by a first order magnetostructural (martensitic) transition (MST) with magneto-responsive properties such as magnetoresistance, Hall
and magnetocaloric effects, etc., in the vicinity of the MST. Since the details and
origins of these behaviors are not well understood, we used a technique beyond magnetometry, i.e., “microwave absorption”, to reveal new information. ESR studies of
Ni45 Cr5 Mn37 In13 shows that this compound is characterized by wide absorption spectra at temperatures greater than 250 K that depend on the angle of the magnetic
field relative to the normal to the sample plate (α) and temperature (T). Two local
maxima at about 5 and 6 kOe were detected for α close to zero degrees near the
martensitic transition and Curie temperatures. The absorption spectra are discussed
along with the results of the structural and magnetic studies. © 2017 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5006440

INTRODUCTION

The Mn-based off-stoichiometric Heusler alloys are ternary intermetallic compounds, described
as Ni2 Mn1-x Zx , with Z = Ga, In, Sn, Sb. They exhibit ferromagnetic martensitic state below Curie
temperature of martensitic phase (TCM ), and undergo a magnetostructural (martensitic) transition
from a low-magnetization martensitic state (LMS) to a ferromagnetic high-temperature austenitic
phase at martensitic transition temperature (TM ), and then undergo a ferromagnetic transition at Curie
temperature (TC ). Magneto-responsive properties such as giant magnetoresistance,1,2 inverse magnetocaloric effects,3,4 magnetic field induced strain,5 magnetic shape memory effect,6 large anomalous
Hall effects,7 and exchange bias8,9 have been reported in the vicinity of the MST. These properties
lead towards new potential applications in magnetic refrigeration, spintronics, and magnetoresistive
sensors.
The jump-like change in magnetization at the martensitic transition occurs in a narrow temperature range where both the martensitic and austenitic phases coexist, resulting in complex magnetic
behavior for these Heusler alloys. The ferromagnetic resonance (FMR) technique, or electron spin
resonance (ESR) in general, was used to study the mixed nature of the ferromagnetic and antiferromagnetic coupling in Ni491 Mn354 In15.5 and Ni49.9 Mn37 Sn13.1 Heusler alloys, and showed that the
coupled ferromagnetic and antiferromagnetic interactions can be segregated around and below the
a
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martensitic transition.10 The microwave absorption was found to be sensitive to MSTs, and may also
be used to study the low magnetic state just below the MST.10 The FMR technique was also used
to simultaneously study the magnetization and parameters of magnetic anisotropy of Ni-Mn-Gabased alloys and showed that, in the martensitic state, there is magnetic inhomogeneity for different
magnetic sublattice.11
The expected resonant behaviors of the martensitic and austenitic phases in the Ni-Mn (In/Sn)
based alloys are characterized by three regions that correspond to the phase transition temperatures
(TC , TM , and TCM ) and has been explained in detail in Ref. 10 where the three narrow resonance lines
were attributed to paramagnetic, ferromagnetic, and antiferromagnetic components. TCM and TM are
known to be extremely sensitive to small variations in the chemical composition for Ni50 Mn35 In15
compounds.12 This can result in a shift of TCM and TM toward TC and, in some cases, the martensitic
transition coincides with the ferromagnetic ordering temperature (TC ). In this case, MSTs from a
ferromagnetic martensitic to paramagnetic austenitic phase were observed.13,14
In this work, we report the results of the studies of the change in the ESR properties resulting from
the temperature induced MST between paramagnetic austenitic (PA) and ferromagnetic martensitic
(FA) phases in Ni45 Cr5 Mn37 In13 Heusler alloy.
EXPERIMENTAL TECHNIQUES

A polycrystalline sample of Ni45 Cr5 Mn37 In13 was prepared by arc-melting 4N purity elements
Ni, Mn, In, and Cr in a high-purity argon atmosphere. The ingot was re-melted four times, subsequently annealed at 1123 K for 24 hours under vacuum, and then slowly cooled at a rate of 4 ◦ C per
minute to room temperature. About 1w. % excess Mn was added to compensate the Mn-loss during
the melting. To determine the phase purity and crystal structures, X-ray diffraction (XRD) measurements were done with an X-ray diffractometer using Cu-Kα radiation. The magnetic properties were
measured at temperatures ranging from 5-400 K and in magnetic fields up to 5 T using a Quantum
Design superconducting quantum interference device magnetometer (SQUID). The magnetization
measurements were carried out during heating after the samples were cooled from 400 K to the
lowest temperature (10 K) at zero magnetic field in the zero-field-cooled (ZFC) measurements, and
during the field cooling cycle (FCC). The resonance measurements were performed using an EPR
spectrometer (JEOL JES FA-300, USA) with a central frequency of about 9.1 GHz, and with an ESR
spectrometer (Radiopan SE/X – 2543, Poland) at a frequency of approximately 9.3 GHz at magnetic
fields intervals up to 10 kOe in the temperature range (100-500) K.
RESULTS AND DISCUSSION

The room temperature X-ray diffraction (XRD) pattern for Ni45 Cr5 Mn37 In13 indicates that the
sample was in mixed martensitic (most likely tetragonal) and austenitic (cubic) phases (see Figure 1).
The cubic phase dominates at room temperature and the martensitic phases were characterized by a
lower intensity (about 15-25% than that of the austenitic phase). Since the relative intensity of the
martensitic phase was very low in comparison to the austenitic phase, it was difficult to differentiate
whether the martensitic phase is modulated or not. The observed XRD pattern is typical for Ni-Mn-In
based Heusler alloys exhibiting a MST near room temperature.13–15
The zero-field-cooling (ZFC) and field-cooled-cooling (FCC) magnetization M(T) curves
(H = 100 Oe) obtained while heating and cooling are shown in Figure 2. The narrow temperature
hysteresis of the magnetization of about 5 K can be clearly detected in Figure 2 (Inset). The compound
shows ferromagnetic type of behavior with a magnetization of 110 emu/g at 10 K (see inset of Fig.2).
Considering that the temperature hysteresis of the magnetization is characteristic property of a first
order transition, one can conclude that Ni45 Cr5 Mn37 In13 undergoes a MST from a ferromagnetic
martensitic (FMM) to paramagnetic austenitic phase (PMA) with increasing temperature, similar to
that reported in Ref. 14. Thus, the FMM-PMA MST differs from the commonly observed LMS-FM
MST’s in Ni-Mn-In off-stoichiometric Heusler alloys. The reason for this difference needs additional studies and it is clear that this behavior is not directly related to the composition. Compounds
with similar nominal compositions show completely different behaviors. The small differences about
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FIG. 1. Room temperature XRD pattern of Ni45 Cr5 Mn37 In13 . “MP” and “L21 (hkl)” denote the peaks from the martensitic
phase and austenitic phase with cubic L21 type of crystal structure, respectively.

FIG. 2. ZFC and FCC temperature dependent magnetization curves measured at magnetic fields of 100 Oe for
Ni45 Cr5 Mn37 In13 . The inset shows the magnetization curve at 10 K and detailed changes in ZFC and FCC M(T) in vicinity
of the MST.

0.2 at. % in the Mn-concentration resulting from the arc-melting has been reported as a possible
reason for such behavior in Ref. 15. The splitting of the low field ZFC and FCC curves below TCM
indicates magnetic frustration.
The resonance field (HR ) of about 3200 Oe is close to the paramagnetic resonance field, which
is taken as HR = ω/ge µB (where ω is the frequency, ge =2 is the g-factor, and µB is Bohr magnetron)
and shows negligible temperature dependence in the paramagnetic region (T>TC ). However, HR
was found to strongly depend on temperature and orientation in the vicinity of the phase transition.
The resonance field shows a smooth decrease and maximum in value at about 200 K and 250K,
respectively. Two step-like transitions are clearly detected in the (250-350)K temperature interval for
all sample orientations except α=90 degrees. Thus, the temperature dependencies of the resonance
field (HR ) can be generally characterized by the smooth changes, the relative sharp decrease in values
near the MST temperatures (TM /TA ) and at TC , and the maximum at T∼250 K ( see Figure 3).
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FIG. 3. Temperature dependencies of the resonance field of Ni45 Cr5 Mn37 In13 at different angle (α) between the magnetic field
and the normal to the sample plate. TC , TA and TM , are the temperatures of phase transitions of second order to ferromagnetic
state of AP, and of the MST to ferromagnetic AP and to low magnetization state of MP, respectively obtained at H=100 Oe.

The orientation dependence of HR is related to the sample’s crystalline texture, which can depend
on the sample syntheses process. It is important to notice that observed spectra can be characterized
by two peculiarities. The phase transitions affect the behaviour of the resonance field, most strongly
when the external field is orientated perpendicular to the sample surface. Such behaviour is predicted
from theory of ferromagnetic resonance for lower magnetization (see in Ref. 16). Secondly, it is easy
to see that the standard formulas of FMR (see in Ref. 16) cannot be used to describe the data in
Figure 2. The reason for this is the observed unusually strong damping, when in fact we do not have
a narrow resonant line, but rather the microwave absorption in a wide range of fields.
The resonance line width was found to drastically increase below TC , and showed a two-step like
transition in the (200-250) K interval. The ∆HR strongly depended on the magnetic field direction
(α), and reaches a maximum value of about 9 kOe when α is close to zero (see Inset of Figure 4).

FIG. 4. The width of the resonance line (∆HR ) with respect to temperature obtained for different angles (α) between the
magnetic field and normal to the sample plane. TC , TA , and TM are the temperatures of phase transitions of second order
to ferromagnetic state of AP, the MST to ferromagnetic AP, and to low magnetization state of the MP, respectively. Inset:
intensity of the half-width of the resonance line depending on α at 107 K.
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FIG. 5. Temperature dependencies of the first derivative of the absorption signal (FDAS) for different angles (α) between the
magnetic field and sample plate. TC, TA , and TM are the temperatures of phase transitions of second order to the ferromagnetic
state of the AP, the MST to the ferromagnetic AP, and to the low magnetization state of the MP, respectively.

The ∆HR is larger than 4 kOe for all temperatures below 300 K (see Figure 4). The first derivative of
the absorption signal (FDAS) reveals two clear maxima at temperatures close to TM /TA and TC (see
Figure 5). The signal intensities and positions were found to vary slightly change with changing α.
CONCLUSIONS

In this work, we employed electron spin resonance (ESR) techniques to study the dynamic
magnetic response of Ni45 Cr5 Mn37 In13 . The structural and magnetic data exhibit unusual behavior
compared to the parent ternary alloys. ESR reveals the complex magnetic behavior. All parameters of
ESR, namely resonance field, the resonance line width, and the first derivative of the absorption signal,
demonstrate evidence of phase transitions at the temperature observed from thermomagnetic studies
with high accuracy. The ESR behaviour cannot be described by the usual FMR relations because
of large damping that probably originates from strong crystal and magnetic phase inhomogeneity,
texture, and dispersion of magnetic anisotropy. Further experimental and theoretical work is needed
to explain the details of the observed the ESR features, especially the angle dependencies of ESR
parameters.
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